Abstract Lipoproteins are natural nanoparticles composed of phospholipids and apolipoproteins that transport lipids throughout the body. As key effectors of lipid homeostasis, the functions of lipoproteins have been demonstrated to be crucial during the development of cardiovascular diseases. Therefore various strategies have been used to study their biology and detect them in vivo. A recent approach has been the production of lipoprotein biomimetic particles loaded with diagnostically active nanocrystals in their core. These include, but are not limited to: quantum dots, iron oxide or gold nanocrystals. Inclusion of these nanocrystals enables the utilization of lipoproteins as probes for a variety of imaging modalities (computed tomography, magnetic resonance imaging, fluorescence) while preserving their biological activity. Furthermore as some lipoproteins naturally accumulate in atherosclerotic plaque or specific tumor tissues, nanocrystal core lipoprotein biomimetics have been developed as contrast agents for early diagnosis of these diseases.
Introduction
Lipoproteins are a family of natural nanostructures whose surface is composed of a phospholipid layer, into which is embedded apolipoproteins and cholesterol. The main function of these lipoproteins has been shown to be the transport of lipids (mainly cholesterol and triglycerides) between organs and tissues through the circulatory system, thus contributing to the control of lipid homeostasis. Due to their key roles in lipid metabolism and cardiovascular diseases, new methodologies to investigate lipoprotein biology, for example with biomimetic systems that can be imaged and tracked, have attracted growing interest. As several lipoprotein fractions naturally target atherosclerotic plaques and tumors, further strategies have focused on the development of lipoprotein biomimetics for biomedical imaging strategies.
Various methods have been developed to incorporate labeling moieties into lipoprotein structures. One of the methods commonly employed is the incorporation of lipids labeled with radioisotopes [1, 2] , paramagnetic chelates (magnetic resonance imaging, MRI) or fluorescent molecules [3] [4] [5] [6] . However, as lipid exchange occurs naturally between lipoprotein fractions in the blood, labeling agents may be transferred to other lipoprotein fractions or cells, thereby complicating the interpretation of the data [7• ]. An alternative strategy is to label the apolipoprotein portion of the lipoproteins with moieties such as radioisotopes [1, 2, 8] . In this review we focus on a recently developed third approach, which entails the inclusion of contrast-generating nanocrystals within the lipid core of the lipoprotein (Fig. 1a) .
Lipoproteins
After extraction from blood, lipoproteins can be separated based on density, according to the method developed by Havel et al. [9] , into five distinct fractions: high density lipoprotein (HDL; 7-13 nm size range), low density lipoprotein (LDL; 22-27 nm), intermediate density lipoprotein (IDL; 27-30 nm), very low density lipoprotein (VLDL; 35-80 nm) and chylomicron (80-1,200 nm). Each of these classes has a distinct lipid and apolipoprotein composition. Apolipoproteins, proteins present in lipoprotein nanoparticles, can be divided into two main subclasses based on their secondary structure. Apolipoproteins A, C, D and H are composed of an amphipathic α-helix and can be exchanged between lipoproteins, while apolipoprotein B contains a β-structure, which prevents such exchange [10] . As each apolipoprotein binds to specific cell membrane receptors and can trigger different pathways, it is believed that the apolipoprotein composition is the main determinant of lipoprotein function. Chylomicrons, VLDL and IDL are triglyceride-rich lipoproteins secreted by the intestine to transport triglycerides to tissues and the liver. Apolipoprotein E (ApoE), which is present in the aforementioned lipoproteins as well as in HDL, has been shown to contribute to triglyceride homeostasis through binding to receptors present in peripheral tissues and liver cell membranes. It induces cellular uptake of lipoproteins and thereby facilitates triglyceride tissue delivery and hepatic removal [11] . As a consequence, ApoE deficiencies have been associated in both humans and animal models with hyperlipidemia and related diseases such as atherosclerosis [11, 12] . Additionally, a recent in vitro study has demonstrated ApoE's capacity to drive macrophage plasticity towards antiinflammatory phenotypes [13] .
Once in the bloodstream, VLDL triglycerides are hydrolyzed to fatty acids by lipoprotein lipases while remnants of VLDL are converted into LDL. Nearly 50 % of the weight of these LDL is from cholesterol esters. LDL is circulated to the peripheral tissues where it is internalized via LDL receptormediated endocytosis [14] . LDL can also cross the vascular endothelial cell barrier and accumulate within the intimal layer of the arterial walls where they are modified by free radical oxidation. Oxidized LDL interacts with the endothelial cells of arteries and induces surface expression of intercellular adhesion molecule 1 (ICAM-1/CD54) and vascular cell adhesion molecule 1 (VCAM-1/CD106) leading to monocyte recruitment [15] . Once in the arterial wall, monocytes can differentiate into macrophages. These invading macrophages can then engulf oxidized LDL and become foam cells that start producing inflammatory cytokines, which promote plaque development and, at advanced plaque stages, instability [16] . In addition to the atherosclerotic plaque, LDL has been shown to accumulate in certain tumors through direct binding to the LDL receptor. This receptor is overexpressed by a variety of cancers, including leukemia, and cervical and brain cancers [17, 18] . This high expression of the LDL receptor has been linked to an elevated need for cholesterol to synthesize plasma membranes as a result of the high proliferation rate of tumor cells.
HDL is synthesized by the liver and in the intestine as diskshaped cholesterol-free complexes of phospholipids and primarily apolipoprotein A-1 (ApoA1). HDL has been shown to play a major role in lipid relocation and excretion [19] , a function mediated by the interaction of ApoA1 with ATP binding cassette transporter A-1 (ABCA-1), ATP binding cassette transporter G-1 (ABCG-1) and Scavenger receptor class B member 1 which are expressed on cell membranes. Interactions between ApoA1 and ABCA-1/ABCG-1 trigger cholesterol efflux from the cells to the lipoprotein in a mechanism known as reverse cholesterol transport [20, 21] . Cholesterol-loaded HDL then migrates to the liver where the cholesterol is recycled or excreted by the bile [21] . In the bloodstream, HDL has been shown to interact with other lipoprotein fractions (VLDL/LDL) through lipid transfer [6] . High HDL blood concentrations exert a protective effect against atherosclerosis, which is thought to be due in part to its key role in cholesterol excretion from the body. Furthermore, HDL has been shown to naturally target atherosclerotic plaques, initiating reverse cholesterol transport from arterial wall to the liver. HDL's presence in arterial plaques also causes antiinflammatory and antioxidative protective effects through inhibition of proinflammatory cytokines (tumor necrosis factor-alpha and interleukin 6), chemokines (monocyte chemotactic protein-1, MCP-1), and production of adhesion molecules (VCAM-1/ICAM-1) while inducing activation of endothelial nitric oxide synthase release [22, 23] . Using an ApoE−/− atherosclerosis mouse model, Nicholls and coworkers demonstrated that the infusion of reconstituted HDL induced a decrease in endothelial expression of VCAM-1, ICAM-1 and MCP-1 leading to a significant reduction of neutrophil recruitment [24] .
There are several genetic conditions that cause dysfunctional apolipoprotein/lipoprotein function, leading to lipid accumulation in peripheral tissues and hyperlipidemiarelated conditions. For example, Tangier disease has been characterized by defective ABCA-1 transporter expression which prevents cholesterol efflux between cells and HDL [25] . This leads to cholesterol accumulation in producing cells and symptoms such as eye abnormalities, enlarged spleen, liver and tonsils, as well as an increased risk of arteriosclerosis.
Nanocrystals

Gold Nanoparticles
The application of gold in medicine has been documented since the 1930s for the treatment of rheumatoid arthritis [26] and has been subsequently the subject of therapeutic and medical imaging strategies. Due to their high atomic number and extinction cross-section, gold nanoparticles (Au-NP) are attractive contrast agents for computed tomography (CT) [27] (Fig. 1b) . Au-NP can also interact with visible / infrared light and produce contrast for a variety of optical imaging methods such as light scattering or Raman imaging, and can be detected at very low (10 −16 M) nanoparticle concentrations [28] . Another attractive phenomenon is the emission of heat by infrared-irradiated gold nanostructures, which can be used to selectively destroy surrounding tissue or trigger drug release [29] .
Iron Oxide Nanoparticles
Iron oxide nanoparticles (FeO-NP), which refer mainly to superparamagnetic iron oxide nanoparticles, have been extensively used in medical applications as MRI contrast agents [30] [31] [32] . In the presence of a magnetic field, FeO-NP's strong magnetic moment causes local signal dephasing on T 2 *-weighted images, resulting in signal voids and in an enhancement in image contrast. FeO-NP formulations are clinically used as contrast agents for liver imaging, and additional studies have investigated their potential use in cancer and cardiovascular disease with promising results [33] . In one study, FeO-NP were shown to accumulate in atherosclerotic plaques rich in macrophages when injected into patients with severe internal carotid artery stenosis. This accumulation leads to local reduction in T 2 *-weighted signals and enhancement of MRI contrast [34] . FeO-NP can also produce heat when placed in an oscillating magnetic field and can thus be used in thermal therapies [35] .
Quantum Dots
Quantum dots (QD) are fluorescent semiconductor nanocrystals typically made of cadmium selenide covered by a zinc sulfide shell. QD exhibit broad excitation bands and narrow (20-30 nm) emission spectra, and are therefore attractive agents for biological imaging (Fig. 1f) , especially for multiplex/multicolor purposes. A variety of emission wavelengths can be obtained by using different crystal sizes or compositions. In comparison with conventional molecular dyes, QD have longer fluorescence life-times, higher extinction coefficients and negligible photobleaching. QD have been extensively used as a tool for bioimaging procedures such as in vivo cell tracking [36] , the visualization of biomarker expression [37] and membrane transport studies [38] . Furthermore, due to their narrow emission spectra and the ability to excite them at a well-separated absorption wavelength, QD have been shown to be very useful as Förster resonance energy transfer (FRET) donors [7•] . FRET is a process during which a donor fluorophore is first excited; the energy is then transferred to a neighboring acceptor fluorophore leading to the emission at the acceptor fluorophore's characteristic wavelength. As the FRET signal is highly dependent on the distance between the donor and the acceptor fluorophores, this technique enables the precise measurement of binding or dissociation mechanisms [39] .
Nanocrystal Lipoprotein Formulations
Various methods have been used to synthesize nanocrystal lipoproteins. A method developed by Thaxton and coworkers consists of a procedure where Au-NP is first mixed with modified ApoA1 (bearing sulfhydryl groups). Their association is facilitated by an electrostatic interaction between the two species. Those Au-NP-ApoA1 complexes are then added to a water/chloroform solution containing an excess of phospholipids. The mixture is subsequently heated to induce chloroform evaporation and lipid aggregation around the Au-NP-ApoA1 complexes to form nanocrystal core HDL [40•, 41, 42•] . An alternative method (Fig. 2a) consists of first dissolving nanocrystals (gold, iron oxide or QD) with an excess of phospholipids in a chloroform/methanol solvent solution. This mixture is then added dropwise to hot deionized water, which results in an instantaneous evaporation of chloroform leading to the formation of nanocrystal core micelles. The micelles are then incubated overnight with ApoA1, which naturally translocates embeds within the micelles to form nanocrystal core HDL and empty HDL. The resulting mixture is finally purified to obtain a homogeneous population of single core nanocrystal HDL [43•] . Alternatively, triglyceride-rich QD-NP and FeO-NP have been produced by mixing the nanocrystals with triglycerides, cholesterol and phospholipids extracted from human lipoproteins in an aqueous solution to form nanocrystal nanosome vesicles. After sonication and purification, these nanosomes are incubated with ApoE and lipoprotein lipase to obtain functional triglyceride-rich lipoproteins for in vitro studies [44•] . In vivo, the naked nanosomes were intravenously administered and suggested to be spontaneously decorated with functional apolipoproteins.
Nanocrystal Lipoprotein Characterization
Nanocrystal entrapment can be characterized using transmission electronic microscopy (TEM) or specific assays based on the nanocrystal characteristics such as fluorescence for QD [7• ], x-ray attenuation for gold [45] Addition of native HDL induced a decrease in the FeO-HDL-Cy5.5 fluorescence signal, indicative of decreased cell uptake, demonstrating that both particles compete for the same uptake pathway [46] (Fig. 2b) . Various assays have also been developed to show that nanocrystal HDL retain their native function as potent cholesterol acceptors. Using fluorescent cholesterol, Luthi and coworkers demonstrated that cholesterol binds to Au-HDL [41] . Subsequent experiments demonstrated that HDL biomimetics are able to induce cholesterol efflux and accept cholesterol from macrophages in vitro [41, 46] (Fig. 2c) . Moreover, competition assays with macrophages that were incubated with both Au-HDL and native HDL demonstrated that both lipoproteins compete for cellular cholesterol and therefore operate through the same mechanism [41] .
Lipoprotein Biology Studies Using Nanocrystal Core Biomimetics
As discussed above, lipoproteins are major factors in several diseases. Therefore, a number of studies have been performed using nanocrystal lipoprotein biomimetics to investigate lipoprotein biology, circulation dynamics and tissuecell interactions. Skajaa and co-workers studied lipoprotein trafficking using FeO-NP-loaded HDL injected intravenously into mice [46] . Electronic microscopy examinations of tissue sections, made possible by the iron oxide core, demonstrated that HDL accumulated in the liver in Kupffer cells and hepatocytes localized around the bile canaliculi. FeO-HDL was also detected in bile and feces, revealing that HDL follows a similar excretion route to that of cholesterol. Bruns and coworkers studied the biology of triglyceride-rich lipoproteins using FeO-NP-loaded triglyceride nanosomes injected intravenously into mice. Using MRI, they were able to monitor in real-time FeO-NP biomimetic distribution and clearance from the bloodstream to the liver.
Quantitative monitoring of FeO-NP-labeled nanosome hepatic uptake in different mouse models (wild-type, ApoE−/− and LDL-receptor−/−) revealed a reduction in liver uptake in both knockout mice models, indicative of the importance of the interaction between the ApoE and LDL receptor in triglyceride-rich lipoprotein hepatic clearance mechanisms [44•] . In a subsequent study, Bartelt and coworkers used similar triglyceride-rich nanosomes labeled with 59 Fe-FeO-NP and QD to assess the function of brown adipose tissue in triglyceride metabolism in mice [47] . Using gold nanocrystals as backbones, Luthi and coworkers produced a library of HDL with different sizes, lipid and protein compositions, and monitored the cholesterol binding and cholesterol efflux characteristics of their different HDL biomimetics. As expected, cholesterol efflux efficiency was found to be mainly influenced by ApoA1. The results also revealed that the surface curvature and phospholipid composition affect the cholesterol efflux characteristics [41] .
A similar Au-HDL biomimetic platform was exploited by the same group to efficiently deliver antisense DNA sequences to cells expressing HDL receptors [42•] . Using the contrast properties of gold, transmission electron microscopy (TEM) data 16 hours after transfection revealed the presence of Au-HDL within the cell cytosol where antisense DNA is effective Fig. 2 a Schematic depiction of the nanocrystal core HDL biomimetics formulation procedure developed by Cormode and co-workers. 1 The phospholipids and nanocrystals are solubilized in chloroform and infused dripped in hot water to form nanocrystal core micelles. 2 ApoA-I is then added to functionalize the micelles and produce nanocrystal core HDL particles. 3 Nanocrystal core HDL is subsequently purified by density gradient centrifugation. b Uptake of fluorescently labeled FeO-HDL by macrophages is inhibited by coincubation with native HDL or nonlabeled FeO-HDL, demonstrating that native HDL and nanocrystal core biomimetics show similar biological behavior. c Macrophage cholesterol efflux assay with BSA, native HDL and FeO-HDL showing that FeO-HDL is a potent cholesterol acceptor. a From reference [43•] , adapted and used with permission; b, c from reference [46] , adapted and used with permission (Fig. 3a) . Using QD-HDL biomimetics containing lipids conjugated with the near-infrared fluorophore Cy5.5, Skajaa and coworkers monitored HDL lipid exchange with cells and other lipoproteins by FRET analyses [7•] . Incubation of these QD-HDL-Cy5.5 with THP-1 macrophages led to a significant decrease in the Cy5.5:QD intensity ratio, indicative of a decrease in Cy5.5 lipids in the HDL corona and lipid exchange with the cells (Fig. 3b-d) . In a second set of experiments, macrophages were first loaded with Cy5.5 lipids and subsequently incubated with Cy5.5-free QD-HDL. Fluorescence data revealed a time-dependent decrease in QD fluorescent intensity signal due to FRET-facilitated signal quenching, indicative of exchange of Cy5.5 lipids from the cells to the QD-HDL. This result confirms that lipid exchange between lipoproteins and cells is bidirectional. When the experiments were performed using QD micelles, i.e. lipid-coated QDs without ApoA1, the lipid exchange rates observed were significantly higher than with QD-HDL, indicative of the stabilizing function of ApoA1. While these results demonstrate the possibility of using nanocrystal-loaded lipoproteins as tools to study lipoprotein biology at both the molecular and macro scale, these biomimetics may also be used as contrast agents for imaging specific diseases in which lipoproteins are involved. 
Nanocrystal Biomimetics for Medical Imaging
The development of diagnostic strategies that could lead to early treatment and better prognosis has been a major objective in cancer and atherosclerosis research [48•, 49, 50] . While the development of contrast or imaging agents has aided the detection of pathological sites, early detection of such sites remains a challenge.
Due to their natural affinity for tumors and the arterial plaque, lipoproteins have attracted increasing interest as contrast agent vectors [3, 5, [51] [52] [53] [54] [55] [56] . Cormode and coworkers imaged the abdominal aortas of ApoE−/− mice (a model of atherosclerosis) before and 24 h after intravenous injection of nanocrystal HDL or nanocrystal PEG micelles [43•] (Fig. 4) . As shown by MRI, administration of Au-HDL and QD-HDL labeled with gadolinium-labeled lipid to ApoE−/− mice led to significant brightening of the aortic wall on T 1 -weighted MR images. In animals injected with FeO-HDL, a decrease in signal was observed in T 2 *-weighted MR images of the vessel wall. As further ex vivo analyses revealed, while there was no significant fluorescent signal enhancement in animals injected with QD-PEG, a single injection of QD-HDL induced a significant fluorescent signal at plaque sites (Fig. 4b) . Parallel experiments using gold nanocrystal particles showed a similar pattern on CT imaging. Collectively, these results demonstrate the efficacy of using nanocrystal HDL as atherosclerotic plaque contrast agents. In a follow-up study, the same Au-HDL nanoparticle platform was injected into ApoE−/− mice in combination with an iodine contrast agent. Using spectral CT (also known as multicolor CT), signals originating from gold, iodine and calcium-rich material were discriminated in a single scan. This methodology potentially allows the characterization of complex stenotic plaques that are composed of macrophages and are rich in calcifications within the coronary arteries [47] .
Conclusion
Nanocrystal core lipoprotein biomimetics have proved to be powerful tools to study and image lipoprotein biology and related diseases both in vitro and in small animal models. Owing to the variety of nanocrystals that can be incorporated into the lipoprotein core, a large spectrum of imaging techniques can be employed to visualize these HDL-based reporters. To date nanocrystal core lipoprotein production methods involve a succession of multiple independent steps, hampering the production of large batches. Therefore, before extensive in vivo preclinical studies can be performed, production processes need to be improved, scaled up and standardized in order to mass-produce well-defined and consistent lipoprotein biomimetics using good manufacturing practices.
